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Various forms of spin and charge ordering have been
identified in a wide range of cuprate superconducting ma-
terials, but whether these behaviors are ubiquitous phe-
nomena is not established. In this work we focus on one
of the simplest compounds, HgBa2CuO4+δ (Hg1201), a
superconductor with a high transition temperature, 97
K, having only a single layer and tetragonal structure, in
contrast to one of the most extensively studied materi-
als, YBa2Cu3O6+y (Y123) [1–5]. Using nuclear magnetic
resonance we have discovered a coherent spatial modu-
lation of both spin and charge that is temperature and
magnetic field independent, in competition with super-
conductivity similar to other cuprates [6]. However, there
is no evidence for the magnetic field and temperature in-
duced charge order observed in Y123 [1, 5]. Electronic
instabilities are a common feature of cuprates [7] as in the
present work on Hg1201, but their manifestations are not
universal.
Efforts to better understand cuprate superconductors
have focused on the nature of the pseudogap at tem-
peratures above the superconducting transition and the
role of spatial modulations of charge or spin [1–5, 7–9].
A notable example is high-quality, underdoped crystals
of YBa2Cu3O6+y(Y123)[6]. Magnetic field and tempera-
ture induced charge order has been reported from NMR
measurements[1, 4], recently confirmed as incommensu-
rate by x-ray diffraction [5] in Y123 near hole-doping
p = 0.125. This behavior can be correlated with change
in sign of the temperature dependence in the Hall coef-
ficient [10, 11], shown in the phase diagram Fig. 1, that
has been associated with reconstruction of the Fermi sur-
face with electron pockets identified from quantum oscil-
lations [12, 13].
We use 17O NMR to investigate the underdoped high
temperature cuprate HgBa2CuO4+δ (Hg1201); a tetrago-
nal, single layer compound with optimal superconducting
transition of 97 K, arguably the simplest known high tem-
perature superconductor. Similar to earlier NMR results
on underdoped Y123 [1, 4], we have found charge and
spin density wave order in Hg1201. However, distinct
from the work in Y123 this order has a rather different
character. It is temperature and magnetic field indepen-
dent and it is not induced by either. This wide range
of behaviors suggests that electronic ordering and super-
conductivity may not be intimately connected.
Crystals of near optimally doped Hg1201 were grown
at the University of Minnesota. Isotope exchange for
17O NMR was performed at Northwestern University
followed by annealing for typically one week to estab-
lish doping and homogeneity. Finally characterization
was performed using 17O and 199Hg nuclear magnetic
resonance (NMR), Laue x-ray diffraction, and low field
SQUID measurements. This report is mainly concerned
with two underdoped single crystals of Hg1201 with Tc
= 87 K (UD87) and 79 K (UD79), but with some recent
work on the sample 74 K (UD74) which we had reported
upon previously [14]. Their oxygen concentrations corre-
spond to hole doping of p = 0.118, 0.105, and 0.095 re-
spectively, obtained by comparing the measured Tc with
the phase diagram, Fig.1 [15]. With perfect alignment of
the crystal c-axis to the external field, there exists two
sets of five 17O NMR spectral peaks: one set for oxygen
in the CuO2 plane O(1), and the other for the apical oxy-
gen O(2). Since the nuclear spin is I = 5/2, these are
associated with the central transition, ( 12 ,-
1
2 ), and four
quadrupolar satellites corresponding to the transitions,
( 52 ,
3
2 ), (
3
2 ,
1
2 ), (-
1
2 ,-
3
2 ), and (-
3
2 ,-
5
2 ). In general the transi-
tion frequencies are labeled by indices (m,m − 1). For
this investigation we have varied the magnetic field from
H0 = 6 to 30 T over a range of temperature, from ∼ 4 K
to 400 K.
The situation where the magnetic field is not aligned
with the c-axis is not D4 symmetric for O(1), resulting in
anisotropic broadening or splitting of each of the peaks
of the NMR spectrum since the two planar oxygens have
orthogonal Cu-O bonding directions and are no longer
degenerate. Therefore the O(1) rotation pattern consists
of two sets of five peaks, one each for O(1a) and O(1b)
where a and b denote one of two inequivalent oxygen
sites in the cuprate plaquette identified by their differing
projections of the magnetic field along the Cu-O bond.
In contrast all apical sites O(2) are equivalent and their
spectra always have exactly five peaks. This situation is
very different from oxygen chain-ordered Y123 [1].
Additionally, the quadrupolar NMR spectra in a mag-
netic field will be modified in the presence of electronic
charge or spin order. In the case of a change in the
electronic spin susceptibility, all five spectral peaks of a
given nucleus are affected identically and have the same
shift in frequency. In contrast, charge order produces
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FIG. 1. Phase diagram for Hg1201 taken in part from Li et
al. [15]. Vortex melting and pseudogap temperatures were
determined from 63Cu and 17O NMR [16]. NMR results dis-
cussed in this report are for crystals (from left to right) UD74,
UD79, and UD87 indicated by solid circles, together with two
additional samples UD94 and OD89. The shaded dome in the
background is for Y123 juxtaposed with a dashed parabolic
curve indicating change in temperature dependence of the
Hall coefficient. [10, 11]
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FIG. 2. [a] NMR field swept spectra of UD79 at multiple
orientations at f = 95.39 MHz, H0 = 16.5 T, and T = 80 K
with gaussian fits over each peak in blue lines with rotation
about the b-axis offset by the goniometer angle between H0
and the a-axis. [b] Peak frequency positions of spectra for
O(1a), O(1b), and O(2) as a function of ψ. Solid curves are
fits described in the text.
a modulation of the local electric field gradient (EFG)
which changes the quadrupolar satellite frequencies shift-
ing them mirror-like with respect to the central peak. In
short, spin or charge order can be independently identi-
fied from their distinct signatures in the NMR spectrum.
Given the various possible contributions to frequency
shifts it is clear that to perform an NMR investigation
of charge or spin ordering one must begin with a full de-
termination of the rotation pattern as shown in Fig. 2
such that the crystal orientation can be completely un-
derstood prior to the measurement. Since the effects of
charge order or spin order are at most relatively small
compared to those associated with intrinsic anisotropy
of the material, the absolute orientation of the crystals
can be determined from the measured rotation pattern of
the full quadrupolar spectrum, obtained using a single-
axis goniometer, interpreted through fitting to the exact
diagonalization of the nuclear spin Hamiltonian [17]. In
this way we were able to align the c-axis close to the
external field, H0, with accuracy (δθ, δφ) = (± 1◦, ±
2◦). In this range, the expected upper bound for splitting
of O(1) into O(1a) and O(1b) is ∼ 2 kHz and less than
the typical resolution of the NMR experiment, preclud-
ing crystal misalignment as the source for any observed
frequency shifts.
The frequencies of satellites for less than axial sym-
metry as for O(1) are given explicitly by a summation
of magnetic and quadrupolar contributions in the high
magnetic field limit [17],
f(θ, φ,m) = fmag + f
(1)
quad + f
(2)
quad (1)
fmag = γH0(1 +K0 +K1
(3 cos2θ − 1)
2
−K2 sin
2θ cos2φ
2
)
(2)
f
(1)
quad = νQ(m−
1
2
)[
(3 cos2θ − 1)
2
− η sin
2θ cos2φ
2
] (3)
The gyromagnetic ratio for 17O is γ = 5.7719 MHz/T,
which we take as the zero reference for the Knight shift,
K0. The quadrupolar frequency νQ is proportional to
the principal component of the EFG,
∂2V
∂z2
=
νQ2I(2I − 1)h
3eQ
≥ ∂
2V
∂y2
≥ ∂
2V
∂x2
(4)
where V is the electrostatic potential, Q the quadrupole
moment of the nucleus, and the principal axes, x, y, and
z, for the EFG are chosen to satisfy these inequalities.
The three eigenvalues of the EFG tensor are proportional
to the quadrupole frequency νQ with the z-axis along the
Cu-O bond direction. The 2I+ 1 quadrupolar perturbed
Zeeman substates are indexed by m. The superscript in
the quadrupolar frequency distinguishes between 1st and
2nd order terms from perturbation theory in the high
3field limit. The form of the second order correction, Sup-
plementary Materials, was included in our full analysis of
the spectrum but has a negligible contribution to the fre-
quency shifts, . 1 kHz. The EFG anisotropy parameter
is η ≡ (∂2V/∂x2 − ∂2V/∂y2)/(∂2V/∂z2). Lastly, the po-
lar and azimuthal angles, θ and φ, denote the orientation
of H0 with respect to x, y, z-axes.
For less than axial symmetry, as for O(1), the com-
ponents of the Knight shift are measured with mag-
netic field along crystal axes, Ka, Kb, and Kc and
can be expressed as isotropic, K0, and axial shifts, K1
and K2. For O(1), K0 = (Ka + Kb + Kc)/3; K1 =
(2Ka − Kb − Kc)/3; K2 = Kb − Kc ≡ K1. In con-
trast O(2), the apical oxygen site well-removed from the
copper-oxygen plane, has axial symmetry along the c-axis
and the anisotropy ratio, , is zero. Using 17O NMR at
the apical site of UD74 we reported previously there was
no evidence for static loop currents or for charge or spin
ordering [14], which is also the case for Y123 [18].
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FIG. 3. [a, b] Examples of NMR spectra from the highest
(red) and the lowest (blue) frequency satellites of the planar
oxygen at two temperatures and fields parallel to the c-axis.
Linewidth asymmetry between upper and lower frequency
satellites for O(1), most significant at high temperatures, re-
quires coexistence of spatially resolved spin and charge order.
The α peak is defined as the higher frequency component and
the β peak as the lower one of the doublet, remaining so at all
fields and temperatures for all upper satellites. The same is
not true for the lower satellites and the two peaks can merge
forming substantially narrower compound spectra, as shown
in c).
However, a close examination of O(1), the planar oxy-
gen spectra, indicates substructure. In Fig.3 there is an
unambiguous splitting of the highest frequency satellite
in our UD87 sample at temperatures above 100 K, in
contrast to the corresponding lowest frequency satellite
which has a much narrower linewidth. The spectrum at
T = 180 K can be separated into two gaussian shaped
peaks of equal weights (α and β). Consistent behavior
was observed in UD79. Above 100 K we found that the
full-width-at-half-maxima (FWHM) of the upper satel-
lites were greater than for the lower satellites, Fig. 4.
We take this as evidence for such a splitting even though
it is unresolved. The asymmetry in the linewidths, i.e.
comparison of high and low frequency satellites, can be
accounted for by simultaneous spin and charge spatial
modulations. Electronic order in only one of spin or
charge channels is insufficient. Similar observations were
reported by Wu et al. [1, 4] from both 63Cu and 17O
NMR for chain ordered Y123, and was interpreted as
evidence for charge ordering, magnetic field induced or-
dering in that case. The maximum 17O spectral splitting
we have found in Hg1201 is ∼ 60 kHz, similar to that re-
ported for Y123 [4] where νQ ∼ 0.9 MHz.
Asymmetric distributions of quadrupolar satellite line-
shapes can only arise under rather restrictive circum-
stances apart from possible electronic ordering. For ex-
ample, misalignment of crystals relative to the magnetic
field, or the existence of bi-crystal domains can result in
an NMR spectral splitting. We have looked at these pos-
sibilities using different models for analysis, but find that
they do not account for our spectra (see Supplementary
Materials).
Consequently, it is most likely that the inequivalency
of oxygen sites that we observe has a local origin as-
sociated with coexisting charge and spin density waves.
The fact that the NMR satellites are asymmetrically af-
fected requires that these modulations coexist, that they
are coherent, and finally that they are locked in phase,
as demonstrated by simulations in Supplementary Ma-
terials. Independent or out of phase superpositions of
spin and charge order averaged over the sample destroy
the asymmetry and broaden the NMR spectrum. Being
intimately linked they must have the same origin. For
simplicity we have analyzed our spectra in the context of
a simple model of two inequivalent oxygen sites α and β
in the CuO2 plane having equal weight. Even if a spin or
charge periodic order is incommensurate with the lattice
it will be manifest in a prominent two-peak spectrum.
In the following we describe our results using our model
to determine the quadrupole frequency and Knight shift
splittings which are a measure of the charge and spin
density wave amplitudes respectively.
The uncertainties in determining frequency splittings
from unresolved overlapping peaks is reduced by im-
posing mathematical constraints on the ten-gaussian fit-
ting. We assumed that α and β peaks are gaussians
of equal weight and width and that the magnetic and
quadrupolar contributions are added in quadrature. We
observed that the average Knight shift position of α and
β peaks was magnetic field independent at two fields,
H0 = 16.5 and 30 T. Consequently, we constrained each
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FIG. 4. [a, b] Anomalous asymmetry in the O(1)(-1/2,-
3/2) and O(1)(3/2,1/2) satellites as a function of tempera-
ture expressed by the full-width-at-half-maximum linewidth
(FWHM) at various fields from 6.4 T to 30 T. The solid lines
are calculated from the parameters obtained from a global
fit to the full set of spectral peaks using the model of two
inequivalent planar oxygen sites (see text).
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FIG. 5. [a, b] Temperature dependence of Knight shifts of the
two inequivalent sites. The lines are guides to the eye. Error
bars are smaller than the separation between α and β data
at most temperatures. [c, d] The separation of the satellites,
νQ, is plotted as a function of temperature.
Knight shift component to be magnetic field indepen-
dent. A discussion of this constraint and the consider-
ation of alternate models is presented in Supplementary
Materials. Analysis of all spectra was performed by fit-
ting as required by Eq.1-3. The NMR fit parameters
are: νQ,α, νQ,β ,K0,α,K1,α,K2,α,K0,β ,K1,β ,K2,β , σm, σq
where the last two are magnetic and quadrupolar
linewidths.
The results for several cases are shown in Fig. 5 and in
Supplementary Materials for σq and σm. We found that
the Knight shifts were only weakly doping dependent,
that σq was temperature independent and independent
of field from 6.4 to 30 T, and that σm/H0 followed a
Curie-Weiss law. Using the fitting parameters, we were
able to accurately simulate the spectra in Fig. 2. With
these parameters, we calculated the FWHM linewidth of
each composite peak shown as solid curves in Fig. 4. The
consistency with the raw data confirms the appropriate-
ness for our model of two inequivalent oxygen sites. In
addition, the partial splitting at the highest frequency
satellite by ∼ 60 kHz at H0 = 30 T, shown in Fig. 3 c),
agrees quantitatively with the calculated spectra based
on the fitted parameters given by the solid black curve.
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FIG. 6. Temperature and field dependence of νQ is consistent
with the existence of charge order manifest in the difference
between α and β sites. But there is no evidence for a field or
temperature induced onset. Statistical errors in the plot are
about ∼ 13 kHz except the H = 16.5 T data for UD79 which
has ∼ 3 kHz where longer measurement times were possible.
For a third sample, UD74, we only have data at 100 K but it
is consistent with the above with ∆νQ = 40 kHz at both 21
and 24 T. The transition temperatures and pseudogap tem-
peratures are shown by dashed vertical lines, T∗ = 125 K for
UD79, and 300 K for UD87, determined from our 63Cu NMR
T1 relaxation measurements [16].
The quadrupolar frequency of each site is shown in
Fig. 6 for all our data. A uniform field-independent dif-
ference ∆νQ ≡ νQ,α − νQ,β ∼ 40 kHz for α and β sites
above ∼ 100 K, is evident. In this range our measure-
ments in Hg1201 indicate static electronic order. The
general trend of increasing νQ with decreasing temper-
ature can be attributed to temperature dependence of
the lattice parameters. This interpretation can be made
with more confidence using the apical site data; see Sup-
plementary Materials. The magnetic and quadrupolar
frequency shifts of 17O NMR in cuprates can be associ-
ated with an intrinsic electronic instability with coherent
charge and spin order in the CuO2 plane. However, there
is no evidence for a field or temperature induced onset,
nor is there any correlation with vortex freezing (Fig. 1)
or with the pseudogap. The decrease in νQ in UD87
5below Tc might be a consequence of suppression of the
CDW indicated by x-ray measurements [2, 3, 6]; how-
ever, this effect is not evident in sample UD79. It was
suggested [4] that electronic ordering in Y123 fluctuates
and that it is observed by NMR only when pinned, lead-
ing to an onset induced by a combination of sufficiently
high magnetic field and sufficiently low temperature pos-
sibly associated with vortex freezing. This explanation
does not account for magnetic field induced charge order
observed in x-ray diffraction [5], nor does it correspond to
our data for Hg1201. Identification of an onset of charge
order, with no complementary spin order in Hg1201 was
reported from resonant x-ray scattering [8] at the cop-
per L3-edge. This comparison provides a complemen-
tary view of charge ordering at different positions in the
same material probed on different time scales. From x-
ray diffraction in Hg1201 at optimal doping [9] evidence
was found that oxygen interstitials induce formation of
charge puddles in the CuO2 plane, observations possibly
related to the oxygen site inequivalency we report here.
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2I. QUADRUPOLAR INTERACTION
In the high field limit the quadrupolar interaction can be expanded for each eigen-
state of the Zeeman Hamiltonian using perturbation theory. The first order quadrupolar
interaction for transition (m, m-1) is given in Eq. (3). The second order interaction is
described by the following equation.
f
(2)
quad =
ν2Q
H0γ
(1− cos2θ)× [{102m(m− 1)− 18I(I + 1) + 39}cos2θ(1 + 2
3
η cos2φ)
− {6m(m− 1)− 2I(I + 1) + 3}(1− 2
3
η cos2φ)]
+
η2
72
ν2Q
H0γ
[24m(m− 1)− 4I(I + 1) + 9
− {30m(m− 1)− 2I(I + 1) + 12}cos2θ
− {51
2
m(m− 1)− 9
4
I(I + 1) +
39
4
}cos22φ(cos2θ − 1)2].
(S1)
The magnitude of the second order term varies with the transition orders but it is generally
less than ∼ 1 kHz for the sample orientation, H0 ‖ c. Our analysis in the main text, as well
as our calculation of the linewidths shown in Fig. 4, include this second order interaction
term. The angular dependence of all NMR peak frequencies is consistent with the known
tetragonal structure of Hg1201 (Fig. 2), and the crystal parameters extracted from this
angular dependence are given in table S1.
II. TWO-SITE MODEL
In order to explain the asymmetric linewidth distribution between the quadrupolar
satellites, we used a two-site model assuming two almost degenerate oxygen sites, each
characterized by a unique set of magnetic and quadrupolar parameters: νQ,α, νQ,β, K0,α,
3Sample UD74K UD79 UD87
K0 (%) 0.056 0.055 0.078
K1 (%) 0.018 0.0214 0.015
K2 (%) -0.01 0.0045 0.006
νQ (MHz) 1.05 1.0174 1.05
η 0.386 0.3738 0.385
TABLE S1. Knight shift and quadrupolar frequencies for the planar oxygen in underdoped
Hg1201 single crystals at H = 16.5 T and T = 80 K (UD79) and T = 100 K (UD87). These results
are associated with the average peak positions of α and β sites. Results for the underdoped Tc
= 74 K (UD74K) crystal have been reported previously [1], including parameters for the apical
oxygen (green solid curves in Fig. 2).
K1,α, K2,α, K0,β, K1,β, K2,β, σm, σq. The two sites are indicated by subscripts α and
β. We assume that the principal axes for the proposed sites are identical since we have
independently investigated this question with a second approach discussed next in section
III called the bi-crystal tilt model, and found that it could not account for our spectra.
We argued in the main text that the magnetic frequency shifts could be described by
magnetic field independent Knight shifts. This will be explored further in section IV
where we conclude that an alternative model of a field independent spin density wave
cannot be excluded.
A(f) =
∑
m,i
A(m,m−1)exp
(
− (f − (fmag,i(θ, φ) + fquad,i(m, θ, φ)))
2
2(σ2m + (|m− 1/2|σq)2)
)
. (S2)
Eq. S2 represents NMR spectra for I = 5
2
consistent with the quadrupolar Hamiltonian
to first order for two inequivalent sites i = α, β. The NMR amplitudes for symmetric pairs
of upper and lower quadrupolar satellites are set to be equal, i.e., A(−3/2,−1/2) = A(1/2,3/2)
4167 167.5 168
0
0.2
0.4
0.6
0.8
1
N
M
R
 
(A
.U
.
)
Frequency (MHz)
 
NMR
Fit
αβ
UD74
29 T, 100 K
FIG. S1. Two-site model fitting for UD74 spectra at 29 T and 100 K and H0||c. The observed
linewidth asymmetry is generated by a slight mismatch in magnetic and quadrupolar parameters
between the two sites. The asymmetry is easily identified from the variation in the maximum
intensity of the quadrupolar peaks. A sharp peak in the central site (green) is from the apical
oxygen whose quadrupolar satellites occur with a larger νQ than can be displayed here.
and A(−5/2,−3/2) = A(3/2,5/2), as is appropriate for a field sweep NMR experiment. The
centroid of a quadrupolar pattern and the quadrupolar separations are given by, fmag,i and
fquad,i, with additional subscript designation for site distinction since each site generates
its own full quadrupolar pattern. The magnetic and quadrupolar contributions to the
total linewidth are represented as σm and σq, respectively, where each spectral peak is
a gaussian with width σ taken as the sum in quadrature of the two contributions and
where we note that the quadrupolar term is linearly incremented as the transition order
increases, providing an unambiguous distinction between these two contributions. To
calculate the FWHM linewidth we use 2.36σ.
5III. BI-CRYSTAL TILT MODEL
The less than axial symmetry of the planar oxygen in Hg1201 can result in multiple
quadrupolar patterns if the external field is not precisely along the c-axis since O(1a)
and O(1b) are no longer degenerate under those conditions. The most straightforward
manifestation of this phenomenon in a single crystal is a simple misalignment of the
magnetic field orientation. We can eliminate this possibility using a goniometer to map a
rotation pattern and align the crystal in-situ with high precision. If the sample consists
of a bi-crystal, i.e. two crystal domains, this could also produce a splitting of the spectra.
But the Laue diffraction images of our single crystals exclude existence of multiple crystal
domains, Fig. S2.
Other mechanisms include existence of isotope-induced buckling of the Cu-O plaquette.
There have been reports of isotope-induced buckling modes of the octahedra [2–9]. Since
we have isotope-exchanged our samples, we explored this possibility by attempting to fit
the spectra with a ten-gaussian expression similar to the one in our two site model. Instead
of allowing two distinct sets of magnetic and quadrupolar parameters, we constrained the
fitting to a single set of parameters for both sites while allowing for a dictinction between
O(1a) and O(1b) to be manifested through different relative orientations of the principal
axes for each crystal domain. The key difference between the two-site model and the bi-
crystal tilt model discussed in this section is that in the latter there are two distinct sets
of principal axes whose relative orientations with respect to the magnetic field direction
are expressed in terms of the spherical coordinates, (θi, φi) as fit parameters which are
different for i = 1, 2 where the index i specifies one of the two principal axis domains.
This model does not fit our experimental spectra. In general, the compound spectra
of a nearly degenerate pair of sites with the same principal axes (two-site model) has a
6FIG. S2. Laue image of the UD87 sample normal to the c-axis shows a single crystal domain
consistent with the crystal structure of Hg1201. We have found no evidence of multiple crystal
domains in the cation framework in any of our samples. However, the x-ray Laue method is not
sensitive to oxygen.
larger linewidth for upper quadrupolar satellites only if the site with a larger magnetic
shift also exhibits a larger quadrupolar shift so that both shift components constructively
contribute to the total linewidth of the upper quadrupolar satellites. This is in contrast
to the lower frequency satellites in which they compensate for one another resulting in
a narrower linewidth. The bi-crystal tilt model mostly predicts that a site with a larger
magnetic shift has a smaller quadrupolar shift. This results in larger linewidth for lower
quadrupolar satellites inconsistent with our experiments. Additionally, a DFT simulation
for Hg1201 excludes the existence of octahedra buckling modes which could otherwise
generate a relevant scenario appropriate for the bi-crystal tilt model [10].
7IV. SIMULATION OF COHERENT INCOMMENSURATE DENSITY WAVES
The effect of incommensurate spin and charge modulations in the Cu-O plane can be
studied from simulation of NMR spectra. We consider 1D spin and charge density waves
in terms of the following equations.
ASDW (x) = Am sin(2pix/λm + φm) (S3)
ACDW (x) = Aq sin (2pix/λq + φq) (S4)
The amplitudes of spin and charge density waves (SDW and CDW) are denoted by Am
and Aq where x is the distance in real space. For a coherent density wave modulation,
λm = λq = λ. Incommensurability further requires λ to be an irrational multiple of the
lattice constant. The phase of each wave is denoted by φm and φq giving a relative phase
of φ = φm − φq.
Density wave modulations induce a doublet splitting for all NMR peaks, corresponding
to the α and β sites in the two-site model. Our numerical simulation of the effects of the
spin and charge density waves in real space was sufficiently large that all the nuclei in a
simulation cell provide ample sampling of the full spatial variation of the density waves.
In the case of incommensurate modulations we define the probability density for frequency
shifts that a nucleus experiences as follows:
PSDW (HSDW ) =
∫
δ(HSDW − SDW (x))dx (S5)
PCDW (νQ,CDW ) =
∫
δ(νQ,CDW − κ ∂
∂x
CDW (x))dx. (S6)
where the crystal EFG scales linearly with νQ in the following equation,
κ =
EFG
νQ
=
2I(2I − 1)h
3eQ
. (S7)
8A precise value of λ is not important as long as it is incommensurate with the lattice.
A full quadrupolar NMR spectrum was simulated by calculating the spectrum using Eq.
(1) but with the frequency of the magnetic and quadrupolar terms perturbed by γASDW
and νQ ,CDW , with probability distributions given by Eq. S5 and Eq. S6, respectively.
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FIG. S3. Comparison of the two-site model (black) introduced in the main text and the incom-
mensurate density wave simulation model (red). Both models can be fit to the experimental
spectra with similar precision and the asymmetric lineshape distribution among the satellites is
accurately represented.
We have fit all our data using this fitting procedure. The fitting variables are, K0, K1, K2,
νQ, σm, σq, Am, Aq, and φ, where the parameter, λ, is incommensurate with the lattice.
This model gives new insights. The relative phase angle, φ, and the actual magnitudes
of SDW and CDW, Am and Aq, can be determined, although interestingly, they have
not been discussed in previous work. According to our analysis, the relative phase pi/2,
is very robustly defined; see insets to Fig. S4. This phase mismatch between electronic
density and spin density modulations has been predicted and observed in rather different
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FIG. S4. Amplitude of the SDW, Am, and Amplitude of the EFG, 2piAq/λ, determined from
fitting all of the experimental spectra using the coherent incommensurate density wave model.
This analysis show that both modulations are magnetic field and temperature independent with
a well defined phase difference, φ, which is vanishingly small, indicating that CDW and SDW
have a pi/2 phase difference.
circumstances, where it is related to Friedel oscillations [11–13]. The magnitude of the
EFG oscillation was found to be about 1 V/A˚, less than 1 % of the static EFG at the
planar oxygen site in Hg1201. The magnitude of the SDW oscillation is ∼ 27 Gauss,
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about an order of magnitude less than the incommensurate SDW observed previously in
iron-pnictide superconductors[15], and it might be related to the magnetism detected by
polarized neutron scattering in the same material [16].
The accuracies of our fitting analysis to the experimental spectra for the two-site model
and the incommensurate density wave model have similar statistics, i.e., χ2, as shown in
Fig. S3. Therefore, unfortunately, we cannot discriminate between them based solely on
the fitting statistics.
V. LINEWIDTHS OF α AND β COMPONENTS
There is a systematic behavior in the temperature dependence of linewidth com-
ponents which emerges from the fitting analysis of experimental spectra described in the
text. Figures S5, S6, and S7 show temperature and magnetic field dependence of the
quadrupolar and magnetic linewidth contributions. The quadrupolar contribution was
found to be temperature and magnetic field independent while the magnetic contribution
increases with increasing field and decreasing temperature.
The field and temperature dependence of σm for our two underdoped samples suggests
Curie-Weiss behavior, shown in Fig. S5 and S7, where σm is divided by, γH, consistent
with the equation,
σm(T,H) = σ0 +
CH
T −Θ (S8)
The magnetic contributions for different fields coalesce into a common temperature
dependence, that can be understood in terms of paramagnetic impurities as reported for
Bi2212 [17] and Y123 [18].
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VI. APICAL OXYGEN
Extending our earlier work [1] we have also studied νQ of the apical oxygen at H = 30.0
T (Fig. S8). The quadrupolar frequency is extracted from the quadrupolar separation of
(±3
2
,±5
2
) satellite peaks. The average linewidth of each peak in the spectrum is ∼ 10 kHz.
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FIG. S7. A single Curie-Weiss curve represents temperature and magnetic field dependence of
the magnetic linewidth. In our underdoped samples the intrinsic linewidth is ∼ 10 kHz, with the
Curie-Weiss constant, C , and the Curie-Weiss temperature, Θ, 30 K/T and ∼ 0 K, respectively.
We have avoided fitting the magnetic contribution to the linewidth below the vortex freezing
transition near T = 40 K.
Our calculation of the crystal EFG at the apical site obtained from this analysis is con-
sistent with first principle calculations for Hg1201 [14].
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For non-cubic simple metals, the thermal response of the lattice parameters follows
the following phenomenological temperature dependence [19–21] which accounts for a
contribution from the lattice vibrations due to phonon modes.
νQ = νQ0(1− bT 3/2) (S9)
For the apical oxygen, we have observed continuously decreasing EFG at the apical site
with increasing temperature (Fig. S8) whose temperature dependence can be accounted
for by this model with νQ0 = 1.230(1) MHz and b = 2.5(4)×10−6 K2/3 in our UD79
sample. The thermal expansion of lattice parameters measured by neutron diffraction
have a similar functional dependence [22].
The background dependence was subtracted from the planar data leaving only on-
site lattice contributions to the EFG. The onset of an upturn of νQ ,α and νQ ,β at a low
temperature around 40 K corresponds to the vortex freezing temperature of this sample
(UD79) which was separately determined from NMR T2 investigation of
63Cu and 17O
nuclei [23]; however, the origin of this effect is unknown.
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